The use of Fused Deposition Modelling (FDM) is increasing rapidly in both the commercial and industrial sectors as a means of rapidly prototyping geometrically complex parts. Particular affordances of FDM include the reduction of waste material during manufacture, the use of multiple materials within a single manufacturing process and the ability to manipulate the internal geometry of a part. The latter of which has seen the generation of many 2-dimensional repeating pattern structures such as square, rectilinear and hexagonal, as well as an emerging field of 3-dimensional structures. Although these patterns have provided stiffness and rigidity whilst reducing the production time of FDM prototypes, many do not consider the actual loading conditions of the part in-situ, where it is argued that further significant gains in the performance could be achieved. This includes further reduction in process time and increased part functionality.
INTRODUCTION
The use of Fused Deposition Modelling (FDM) is increasing rapidly in both the commercial and industrial sectors as a means of rapid prototyping geometrically complex parts [1, 2] . Huang et al's [3] review of Additive Manufacturing (AM) through the perspective of its likely societal impact highlights a three-fold impact consisting of:
1. optimised products that have been tailored to individual requirements (particularly in terms of healthcare); 2. reduced environmental impact for manufacturing sustainability; and, 3. simplified supply chains to increase efficiency and responsiveness in demand fulfilment.
These impacts are realised through significant reduction in waste material during manufacture, use of multiple materials within a single manufacturing process and the ability to manipulate the internal geometry of a part. The latter of which has seen the generation of many 2-dimensional repeating pattern structures such as square, rectilinear and hexagonal, as well as an emerging field of 3-dimensional structures [4, 5] (see for example, Figure 1 ).
The pursuit of an optimum design that minimises material waste, reduces manufacturing time and improves the per- Sample infills from the MakerBot Desktop and Slic3r software [6, 7] formance is a common goal for design and manufacturing engineers. Therefore, it is unsurprising that there is considerable extant literature on the subject of topology optimisation (see for example, [8, 9] ). Although numerous algorithms exist for defining the optimum geometry of a part, relatively few of these geometries are able to be taken forward and turned into manufacturable parts. The primary reason for this is that the optimum geometries are often comprised of free-form surfaces with complex internal structures. This all but prevents manufacture by traditional subtractive manufacturing techniques due to the prohibitive cost of complex tooling and molds that would be required. However, recent Additive Manufacturing (AM) techniques are able to overcome this and more specifically, Selective Laser Sintering (SLS) has been the AM technique of choice when it has come to topologically optimised parts [10] (see for example, Figure 2 ). While the challenges have been largely overcome for SLS, it is not possible to directly apply the same optimisation strategies to FDM. This is because of the manufacturing limitations and the change in material behaviour due to the manufacturing process. In contrast to SLS where the process involves the layering of granular material and sintering at specific locations, FDM involves the deposition of material and this introduces the challenge of defining the path for the material to be deposited. In addition, layers are highly dependent upon the previous to provide support for the material being extruded. Rafts, supports and bridging are all techniques that have been introduced to enable the manufacture of geometrically complex parts using FDM. It is argued that the very nature of extruding material is a key contributing factor to why 2-dimensional repeating patterns are commonly applied. This is alongside the reduction in computational time to produce the part as the pattern repeats and thus, only the intersections between the pattern and model surfaces have to calculated.
The deposition of material also introduces anisotropic part properties, which leads to the final part behaving much more like a laminate [12, 13] . Ahn et al. [14] show that a decrease of 80% in tensile strength can occur if the filament is placed in an inappropriate position for the loading case ( Figure 3) . Thus, it is critical for any topological optimisation technique based on the loading condition of the part to also consider the manufacturing process to ensure that the part can be manufactured and that the material is deposited in a suitable orientation given the loading.
To investigate this, this paper presents a study involving the generation of an infill that is derived from the predicted stress profile of a part whilst also considering the manufacturing constraints of FDM. The paper continues by discussing the process by which the infill design is derived. This involves: the postprocessing of Finite Element (FE) models to identify the main stress profiles between the source of load and reaction forces; the interpolation across these profiles to derive a set of aligned Bézier splines that enable the transmission of force in an efficient manner; and, the embedding of these splines within the typical slicing procedure of a part. The results from an initial test of the process to optimise the internal structure for a threepoint bending load are presented. This leads into the discussion of the results and areas of future work. The paper then concludes by highlighting the key contributions of the paper.
DERIVING THE INFILL PATTERN
The process for deriving the infill pattern for parts based on the stress profile comprises four main stages ( Figure 5 ):
1. Model construction; 2. Identifying stress profile paths; 3. Embedding stress profile paths; and, 4. G-Code generation.
The first stage consists of the generation of the stereolithography (STL) file detailing the geometry of the part alongside the exported results from a Finite Element model in the form of a comma separated variable (csv) file. Once produced, the process can continue to stage two where the FEA results are postprocessed in order to identify the stress profile to be embedded into the infill design of the part. After identifying the paths that represent the stress profile, the process moves onto stage three where a number of steps are taken to ensure that the stress profile interfaces with both the perimeter and mesh pattern and no overlapping occurs. Once embedded, the final stage takes the 
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FIGURE 5:
Infill generation process lines to be printed and generates the G-Code where steps have been taken to minimise the travel moves required and thus, reduce manufacture time. The following sections provide further details on the infill generation process and features an example of an infill design generated for a beam undergoing a three-point bend test (Figure 4) . This is where a beam is loaded centrally (F) with two reaction points (R 1 , R 2 ). The plane of printing is considered to be along the x, y plane with the z axis being the height at which the layer is being deposited. The process has been developed within Python and references to the external packages used are mentioned in the relevant steps.
MODEL CONSTRUCTION
The initial stage involves the construction of the part geometry within a digital environment (such as a Computer Aided Design software package, CAD) (1.1) and to export this geometry in the form of a STL file (1.2, Figure 6a ). This is to be used later in the process for the generation of the perimeter and internal mesh that the stress profile will be embedded within (3.1). In addition, this geometry is used to form the Finite Element model where the stress throughout the structure is calculated (1.3-1.4, Figure 6b ). The results of which are then exported to a comma separated variable (csv) file that provides information on the localised stresses for the part if it were solid (1.5). The process continues to stage two, where the stress profile to be embedded is identified.
IDENTIFYING THE STRESS PROFILE
In order to determine the optimum routes for the load to be transmitted through the part, this stage uses the results from the FE model and seeks to identify the optimum paths between the various loading and reaction points. The optimum being the route of highest stress between the two points of interest (i.e. between a loading and reaction point). In order to find this, this stage creates a network of nodes connected by edges that are weighted based upon the average stress between the nodes that the edge connects. The shortest path between the points of loading and reaction are calculated and from this, a spline is defined for the optimum path.
In order to achieve this, the results from the FE model (2.1) are first interpolated and mapped onto a regular grid mesh (2.2). This needs to occur as FE meshes can contain unequal spacing between the mesh nodes. For example, areas of high stress and/or complex geometry often require a higher density mesh in order to accurately characterise the loading behaviour. Having an equally spaced grid of nodes prevents any bias being introduced from areas of high/low mesh concentration. This was achieved using SciPys' griddata method [15] and in this instance, a linear interpolation of the FE model results has been selected.
From this grid, a network is formed with edges existing between adjacent nodes both in the horizontal, vertical and diagonal The models created during stage one directions (2.3). This was achieved using the NetworkX Python library [16] . These form the potential paths that stress can be transmitted through. A weighting is applied to each edge and represents the average stress between the two connecting nodes. These weightings are key in determining the optimum stress path between the loading and reaction points of interest with the optimum path being defined as the path that lies on the highest path of stress.
Before this path is calculated, a pruning of the network is performed to remove nodes & edges that are highly unlikely to feature along the optimum path. Although not fundamental to solving for the optimum path, this pruning aids in reducing the computational time required. This is achieved by removing nodes and associated edges that are below a minimum threshold of stress. The result of this pruned network is shown in Figure  7a .
Following this, Dijkstra's algorithm is applied to determine the stress path between the manually defined reaction and loading points (2.5-2.7) [17] . This is repeated for each combination of loading and reaction points for the part. An example path derived from this analysis is shown in Figure 7b . It can be seen from Figure 7b that the path appears 'jagged' in the high stress areas and is most likely due to the granularity of the network. Correspondingly, it is argued that the optimum path exists between these points. Thus, interpolation between the nodes designating the path is performed in order to derive a Bézier spline that describes the transmission of stress (2.7). This is achieved through Scipy's interpolation toolbox, which implements the algorithms described by Dierckx [18] . The result of this is also shown in Figure 7b . The derivation of the stress paths for all the combinations of reaction and loading points forms the output of this stage (Figure  7b & 7c) . These will be used to highlight the paths that material should be deposited along in order to best support the loads on the part. Using paths enables the process to take advantage of the fact that the strength of the material is significantly higher along its line of print. The paths are now taken to stage three where the process embeds them within the traditional infill generation process.
EMBEDDING STRESS PROFILE INTO INFILL DE-SIGN
To generate the final infill design for the part, stage three requires the STL model from stage one and the stress paths derived in stage two. This section continues by detailing the formation of the infill design for a single layer of a part. The process to form a print layer remains consistent throughout the print with only the stress path of interest alternating between the layers (3.2).
The first step in creating a layer involves the slicing of the STL in order to define the perimeter at that particular height in the model. This is achieved through the use of a cutting plane at the layer height of interest in order to identify the polygons within the STL model that intersect with the plane (3.3). The step is also able to identify multiple perimeters that may exist due to features such as holes. The implementation of this step has been through the use of the Visualisation Toolkit (VTK) [19] .
Once the perimeter has been defined, the user can manually define the number of shells that they wish the print to have. Shells are the number of times the 3D printer will print the perimeter with an offset applied to ensure that no overlapping occurs. In the case of the example in Figure 8 , this has been set to two. A stress path is then selected to be embedded within the print layer and its intersection with the innermost shell is calculated in order for the stress path to interface with the perimeter rather than overlap. This is achieved by incrementally selecting points along the stress path and detecting whether the point lies within the interior region of the part as defined by the perimeters from the STL slicing. These are appended so long as the point exists 
FIGURE 7:
Defining the stress profile within the part. If a point is detected outside the part, the previous set of points forms a line to be printed and the stage continues incrementing along the path in case the path re-emerges within the part. The result from this process is represented in Figure  8a . Incrementally traversing the stress path enables the process to handle complex geometry such as undercuts and holes (see for example, Figure 9 ).
Although the stress path is now embedded within the layer, the line represents a single deposited line of material. In order to support higher loads, multiple print lines that are parallel to this initial stress path are generated. This is achieved through the application of the deformer method present in the PyX Python package [20] that enables offset splines to be generated. The number of offset lines to be printed is manually determined by the user. Again, these parallel paths are traversed in order to detect regions the exist within the part to be printed. This results in layers with multiple lines along the path of stress as shown in Figure 8b .
The final step in the stage determines the intersections of a linear mesh with the perimeter and stress paths present within the part (3.6). The linear mesh provides general structural rigid- Stress analysis of beam with a load applied at a hole ity and complements the stress paths that are aimed at supporting the specific loading condition that has been modeled. In addition, the mesh forms a consistent structure for bridging and enables alternating stress paths to be printed layer-upon-layer. A mesh grid that extends beyond the part's perimeter is formed, and the combination of perimeters and stress paths forms the regions where mesh lines are not permitted. In a similar manner to determining whether the stress path exists within the part, the stage discretises each mesh line to a set of points and increments along them. At each point, a check is performed to determine whether the point exists within a printable region of the part (i.e. within the part and not within the stress paths). Again, if a point is detected outside the part envelope, the previous set of points forms a mesh line to be printed and the stage continues incrementing along the line in case the line re-emerges within the part. This is repeated for all the mesh lines. Figure 8c presents the resulting set of lines to be printed for a single layer of a beam undergoing a three-point bend test.
This process is repeated for each layer of the part and this generates the set of lines to be printed. Figure 9 presents the results of a single layer with a derived stress path between R1 and load F for a beam loaded through a hole. This demonstrates the capability of the process to handle geometries with internal perimeters and planar stress profiles, and demonstrates that nooverlapping between the lines of print occurs.
FINAL INFILL DESIGN
Now that the set of lines to be printed have been derived, the final stage of the process involves translating this informa-tion into the respective G-Code that will be used by the FDM machine. Three steps are taken to generate the G-Code for each layer (4.1). First, the perimeter lines are taken and each perimeter line is discretised into a set of points that the FDM will travel linearly between (4.2). Second, the mesh lines for the layer are discretised and care is taken to alternate the direction between subsequent lines in order to reduce tool travel and hence, time to manufacture (4.3). Third, the stress profile lines are discretised and again, care is taken to alternate the direction between subsequent lines in order to reduce tool travel (4.4) . This continues for each layer and forms the final G-Code that can be either used directly or post-processed further into the relevant binary file for a given FDM printer (4.5).
SUMMARY
This section has presented, in detail, a four-stage process that derives stress profiles for a part and integrates these into the infill design. The key features of the strategy are that it takes the manufacturing constraints of FDM into account and is able to handle complex geometries and planar load cases.
Although the process has been automated where possible, there are a number of settings that are manually set by the user. These are: 
THREE-POINT BEND TEST
To evaluate the effect of depositing material from the derivation of stress profiles, a comparative analysis of this process with respect to the commonly used honeycomb infill design has been undertaken. The comparison has been one of the generation of the infill for a beam undergoing a three-point bend test as shown in Figure 10 .
The three-point bend test has been chosen as it is one of the standard test procedures performed on an Instron test machine and has been applied previously to understand the effects of layer thickness, deposition angle and infill percentage on the maximum flexural strength of parts [21] . Performing a FE analysis on the three-point beam and assessing the distribution of stress across the nodes (Figure 11 ) reveals that approximately 40% of the beam is being subjected to 80% of the stress. This suggests that gains could be achieved through the deposition of material The test is of a 2-dimensional three-point bend test case for a beam of 100mm length, 40mm height and 10mm depth using a 25kN Instron machine. The Instron machine was set to provide a constant linear displacement of 0.02mms -1 in the direction of compression. The test was repeated three times for each case and the piece was either tested to destruction or to the point where the piece interfered with the testing equipment. For example, where the beam was no longer being supported by the rollers (10, i) but the shoulders of the jig itself (10, ii) . Figure 12 presents a 2-dimensional cross-section of the final infill design alongside the manufactured part for the stress profile and honeycomb methods respectively. The amount of Figure 13 shows the stress-strain results for all the cases tested in this initial evaluation. It is immediately apparent that the stress profile infill provides a significantly stiffer beam. Taking the gradients between 0-3mm reveals a 79% increase in stiffness for the stress profile beam (Table 1) . However, the peak carrying load is lower than that of the honeycomb infill although the peak arrives very early on in the displacement of the part. This may be an effect of the experimental design where high material extrusions lead to a honeycomb with an infill percentage of 30%. As the honeycomb was loaded, the buckling led to the formation of layers of solid material and it started to reach a stage where the majority of honeycomb cells had buckled leaving a highly compressed piece of material between the load and reaction points.
It is also the case that the stress profile beam failed within a consistent region of the stress-strain graph. This consistency presents an interesting feature as the design of infill profiles could not only enable designers to control the strength and stiffness of the part but to also design for particular failure modes to improve the safety of future products and/or control post-buckling behaviour. 
DISCUSSION AND FUTURE WORK
The development of a process to derive stress profiles and embed them within the infill design of a part alongside an initial evaluation of the technique has provided some interesting in- Focusing on the process of deriving the infill design, it can be seen from the design of the profile for the three-point beam (Figure 12a ) that, although one would assume a symmetrical profile, the final design is non-symmetric. This could be due to the level of accuracy and mesh sizing of the FE model as well as the ability of the user to manually determine the most suitable nodes on the mesh to represent the loading and reaction forces on the beam. An evaluation of the sensitivity of this design process to changes in these parameters could provide insights that would aid in determining the optimum parameter set for the process as well as support further refinement of the process.
Even though the resulting beam was not symmetrical, this inadvertently led to a consistent point of failure for the three stress profile beams. The buckling point was consistently at the lower-right of the beam where the stress paths turned towards to the reaction point (Figure 14b, i) . Thus, this is an area that could be expanded further with future research looking at developing infill designs that provide controlled failure modes. The potential of this could have widespread applications such as a visual indicator during maintenance cycles to determine whether parts should be replaced as well as the design of sacrificial parts within mechanisms to ensure more expensive components are not damaged if the system operates outside its defined operating window.
It is also the case that the current evaluation is one of a single load with two points of reaction. Further evaluation and development of the process could consider more complex loading conditions such as multiple, distributed and torsional loads. This would potentially provide a more complete method in optimising the internal geometry of FDM parts.
In addition, the current process has only considered scenarios where there are planar stress profiles. This is both a current limitation of the infill design process and the manufacturing tech- nique due to the planar printing process. Future work could look to expand the capability of both the design and manufacturing processes in order to handle non-planar stress profiles. Fused Deposition Modelling (FDM) has fast become one of the most commonly used Additive Manufacturing techniques. Particular affordances of FDM include the reduction of waste material during manufacture, the use of multiple materials within a single manufacturing process and the ability to manipulate the internal geometry of a part. With the majority of research focusing on improving the capability of FDM such as the accuracy, production time and deposition of multiple materials, gaps exist in the ability to develop design processes that take advantage of these capabilities. More specifically, this paper has focused on the derivation of infill designs from the predicted stress profiles within parts.
The four-stage process has been discussed alongside its capability to take into account complex multi-perimeter geometries and develop infills for planar stress profiles. This has been evaluated through the comparison of the stress-strain characteristics of a beam undergoing a three-point bend test. The comparison reveals that an increase of 79% in the stiffness can be attained whilst maintaining a similar maximum loading value.
In addition, the ensuing discussion highlights that the resulting infill design is susceptible to errors due to the accuracy and detail of the FE model as well as the ability to accurately determine the loading and reaction locations. The discussion also revealed three areas of future work. The first, lies in developing the infill design process as well as the manufacturing process to produce infill designs suitable for supporting non-planar stress profiles. The second is in the expansion of the evaluation of the current process and to understand the potential performance benefits is may provide in more complex loading scenarios. The third, lies in generating designs with built-in failure modes that could potentially be used as visual indicators during maintenance cycles.
